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1
TRENCH IGBT WITH TUB-SHAPED
FLOATING P-WELL AND HOLE DRAINS TO
P-BODY REGIONS

TECHNICAL FIELD

The described embodiments relate to trench-type Insulated
Gate Bipolar Transistors (IGBTs).

BACKGROUND INFORMATION

FIG. 1A (Prior Art) is a top-down diagram of a square
portion of one type of conventional trench-type Insulated
Gate Field Effect (IGBT) die. The square portion illustrated in
FIG. 1A is replicated in rows and columns across the upper
face of the trench IGBT die. FIG. 1B (Prior Art) is a cross-
sectional diagram of the die taken along sectional line A-A'in
FIG. 1A. The plane illustrated in top-down perspective in
FIG. 1A is the plane taken along sectional line B-B' at the
upper semiconductor surface in FIG. 1B. FIG. 1C (Prior Art)
is a cross-sectional diagram taken along sectional line A-A"
in FIG. 1A.

As shown in FIG. 1A, multiple octagonal trenches are
formed down into the upper semiconductor surface of the die.
These octagonal trenches are disposed in a matrix of rows and
columns. A gate oxide layer lines the sidewalls of each trench.
A gate electrode of polysilicon in turn is disposed on the oxide
layer in the trench. Reference numeral 1 in FIG. 1A identifies
a gate electrode.

Reference numeral 2 identifies a grid-shaped N+ type emit-
ter region that extends across the upper surface of the die. The
grid-shaped N+ type emitter region 2 has the form of a set of
interconnected strips of N+ type semiconductor material as
illustrated. A grid-shaped P type body region also extends
across the upper surface of the die. The P type body region
includes a shallower and more lightly P type doped portion
3 A as well as multiple deeper and more heavily P+ type doped
portions. As seen in the top-down diagram of FIG. 1A, the
shallower more lightly doped portion 3A of the P body region
has a grid-shape and can be visualized as involving a plurality
of parallel-extending vertical strips and a plurality of inter-
secting parallel-extending horizontal strips. One of the deeper
P+ doped portions, also referred to as a sinker, is disposed at
each intersection where a vertical strip of the more lightly
doped portion crosses a horizontal strip of the more lightly
doped portion. These deeper more heavily doped P+ type
regions therefore are arranged in a two-dimensional matrix of
rows and columns. Reference numerals 3B1, 3B2 3B3 and
3B4 identify four of these more heavily doped regions. As
shown in the cross-sectional diagrams of FIGS. 1B and 1C,
N+ type semiconductor material of the emitter region 2 forms
a part of the outer sidewall of each trench.

If an appropriate voltage is placed on the trench gate elec-
trode 1, then a conductive channel is formed in the shallower
portion 3A of the P type body region immediately adjacent
the trench. This channel extends vertically between the N+
type emitter region 2 and the N-type drift region 4 in FIG. 1C.
If a voltage is placed on the metal emitter terminal 5 with
respect to the metal collector terminal 6, then electrons will
flow from the N- type emitter region 2, down through the
conductive channel, and to the N- drift layer 4. This flow of
electrons contributes to the overall current flow between
metal emitter terminal 5 and the metal collector terminal 6. As
is known in the art, holes are also injected from the P++
collector layer 7 into the N+ buffer layer 8. This flow of holes
serves to increase the concentration of holes in the N- drift
layer which in turn through conductivity modulation serves to
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increase the concentration of electrons in the N- drift layer. A
higher concentration of electrons in the N- drift layer means
that more electron current can flow through the device. In
addition, holes that escape from the N- drift layer also con-
tribute to the overall current flow between metal emitter ter-
minal 5 and the metal collector terminal 6. Due to some of the
current carrying capacity of the IGBT die being due to elec-
tron current flow in one direction, and due to other of the
current carrying capacity of the IGBT die being due to hole
current flow in the other direction, the device is said to be
“bipolar”. The “B” in IGBT stands for bipolar.

In addition to these regions of the conventional trench
IGBT of FIG. 1A, the convention IGBT die also includes
numerous octagonal-shaped floating P well regions. There is
one such octagonal-shaped floating P well region surrounded
by each of the octagonal trenches. Reference numeral 9 iden-
tifies one such floating P well region.

If the trench IGBT is in the off state, and if a large reverse
voltage is placed across the IGBT between the collector and
emitter terminals, then there will be depletion regions formed
on either side of the PN junction between the P body region
and the N- drift layer. If the reverse voltage is great enough,
silicon in the N- drift layer might suffer localized instances of
avalanche breakdown. When avalanche breakdown occurs,
electron/hole pairs are produced. Due to the reverse voltage
across the device, the electrons flow downward toward the
collector, and the holes flow in the opposite direction upward
toward the emitter. If avalanche breakdown occurs around the
gate oxide, the gate oxide can be damaged. As is known in the
art, the junctions between the more heavily doped P+ portions
of the P body region and the N- drift layer are therefore
fashioned with a convex curvature to have a lower localized
avalanche breakdown voltage. If avalanche breakdown were
to occur, it would then occur close to these locations and not
close to the fragile gate oxide. Reference numeral 10 in FIG.
1B identifies this PN junction. This PN junction is designed to
withstand the high currents associated with an avalanche
breakdown episode. The deeper P+ type body region 3B1
with its convex curvature is therefore deliberately placed a
substantial distance away from the relatively fragile gate
oxides so that avalanche breakdown and its adverse effects
will be kept away from the gate oxide. In the diagram of FI1G.
1B, the avalanche breakdown junction 10 is laterally spaced
and separated both from the gate oxide layer of gate electrode
1 to the left, as well as from the gate oxide layer of the gate
electrode 11 to the right.

The trench IGBT structure of FIGS. 1A, 1B and 1C sees
widespread use and is considered to work well.

SUMMARY

A trench IGBT die structure has a plurality of tub-shaped
floating P-wells that are formed down into an N-type drift
layer from an upper semiconductor surface of the die. Each
tub-shaped floating P-well includes a central shallower P type
portion and a peripheral deeper P+ type portion. P+ type
semiconductor material of the peripheral deeper P+ type por-
tion of the floating P-well is the semiconductor material of the
inner sidewall of a trench.

On the opposite side of the trench from the floating P-well
is a P-body region. The P-body region includes a plurality of
P+ type deeper portions and a plurality of P type shallower
portions. P+ type semiconductor material of the P+ type
deeper portions forms first parts of the outer sidewall of the
trench. These first parts serve as drains through which holes
can drain from the floating P-well, under the trench, and to the
P-body region, when the floating P-well to N- drift PN junc-
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tion undergoes depletion as the IGBT is being turned off.
During steady on state operation of the IGBT, the tub-shape of
the floating P-well helps to trap holes and to prevent their
escape from the N- drift layer under the floating P-well,
thereby promoting conductivity modulation during the IGBT
on state. P type semiconductor material of the P type shal-
lower portions of the P-body region forms second parts of the
outer sidewall of the trench. These second parts serve as
sidewall regions where conductive channels can form, under
influence from a trench gate electrode in the trench.

N+ type semiconductor material of a shallow N+ type
emitter region is disposed along the outer sidewall of the
trench at the upper semiconductor surface of the die structure.
N+ type semiconductor material of the shallow N+ type emit-
ter region is the semiconductor material of the upper surface
part of the outer sidewall of the trench. The deeper P+ type
portions of the floating P-well on one side of the trench and
the deeper P+ type portions of the P-body region on the
opposite side of the trench extend downward into the IGBT
die structure from the upper semiconductor surface a second
distance D2. The trench extends down into the IGBT die
structure from the upper semiconductor surface a first dis-
tance D1. Distance D2 is greater than distance D1. The trench
gate electrode is disposed in the trench, with a gate oxide layer
separating the trench gate electrode from the trench sidewalls
and bottom.

In one example, P+ type semiconductor material of the
peripheral deeper P+ type portion of the floating P-well
extends under a first part (an inner part) of the bottom of the
trench, and P+ type semiconductor material of the deeper P+
type portions of the P-body region extends under second parts
(outer parts) of the bottom of the trench. The distance between
the P+ material of the floating P-well and P+ material of the
P-body region is smaller than the width of the trench.

In one example, the floating P-well has an octagonal shape
when the IGBT die is considered from a top-down perspec-
tive. The trench, which also has an octagonal shape, rings and
surrounds the octagonal floating P-well in the lateral dimen-
sion so that the inner sidewall of the trench is P+ type material
of'the peripheral P+ type deeper portion of the floating P-well.
The shallow N+ type emitter has a strip-shape, and rings and
surrounds the outside of the octagonal trench up at the upper
semiconductor surface. There are four deeper P+ type por-
tions of the P-body region, and each of these deeper P+ type
portions contacts the octagonal trench so that P+ type semi-
conductor material of a deeper portion is semiconductor
material of the trench sidewall at four corner locations around
the periphery of the trench. Each adjacent pair of these deeper
P+ type portions of the P-body region is coupled together by
an intervening shallower P type portion of the P-body region.
The overall trench IGBT die structure includes many such
octagonal trenches and associated structures, organized in
rows and columns across the upper surface of the die struc-
ture.

A metal emitter terminal at the top of the die makes contact
with the N+ emitter region and with the P-body region. A
metal gate terminal at the top of the die makes contact with the
trench gate electrodes. Below the N-drift layer is an optional
N+ type bufter layer, a P++ type collector layer, and a metal
collector terminal.

Further details and embodiments and techniques are
described in the detailed description below. This summary
does not purport to define the invention. The invention is
defined by the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, where like numerals indicate
like components, illustrate embodiments of the invention.
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FIG. 1A (Prior Art) is a top-down diagram of a square
portion of the top of a trench IGBT die.

FIG. 1B (Prior Art) is a cross-sectional diagram taken
along sectional line A-A' of the prior art IGBT of FIG. 1A.

FIG. 1C (Prior Art) is a cross-sectional diagram taken
along sectional line A-A" of the prior art IGBT of FIG. 1A.

FIG. 2A is a top-down diagram of a square portion of the
top of a trench IGBT die in accordance with one novel aspect.

FIG. 2B is a cross-sectional diagram taken along sectional
line A-A' of the novel IGBT of FIG. 2A.

FIG. 2C is a cross-sectional diagram taken along sectional
line A-A" of the novel IGBT of FIG. 2A.

FIG. 3 is a cross-sectional diagram that illustrates ava-
lanche breakdown in a prior art IGBT structure.

FIG. 4 is a cross-sectional diagram that shows how curva-
ture of the oxide-to-N-drift layer boundary is reduced in the
trench IGBT of FIG. 2A, FIG. 2B and FIG. 2C.

FIG. 5 is a cross-sectional diagram that shows how curva-
ture of the oxide-to-N-drift layer boundary is reduced in the
trench IGBT of FIG. 2A, FIG. 2B and FIG. 2C.

FIG. 61s acircuit diagram of a circuit that results in harmful
gate voltage ringing.

FIG. 7 is a waveform diagram that illustrates gate voltage
ringing on the gate of the IGBT of FIG. 6.

FIG. 8 is a circuit diagram of an IGBT motor drive circuit.

FIG. 9 is a waveform diagram that shows voltage and
current waveforms for one of the IGBTs in the circuit of FIG.
8.

FIG. 10 is a cross-sectional diagram that illustrates how
holes are removed from a floating P-well in a prior art IGBT
when the IGBT is being turned off.

FIG. 11 is a diagram that shows how holes from the floating
P-well of the novel IGBT have a shorter distance to travel to
get to the P-body region upon IGBT turn off, as compared to
the prior art situation depicted in FIG. 10.

FIG. 12 is a cross-sectional diagram of an IGBT in the
steady on state, where the floating P-well of the IGBT has a
planar interface with the N- drift layer below.

FIG. 13 is a cross-sectional diagram of the novel trench
IGBT of FIG. 2A, FIG. 2B and FIG. 2C in the steady on state,
where the floating P-well has a tub-shape that helps prevent
the escape of holes from N- drift layer material under the
floating P-well.

DETAILED DESCRIPTION

Reference will now be made in detail to background
examples and some embodiments of the invention, examples
of'which are illustrated in the accompanying drawings. In the
description and claims below, when a first object is referred to
as being disposed “over” or “on” a second object, it is to be
understood that the first object can be directly on the second
object, or an intervening object may be present between the
first and second objects. Similarly, terms such as “upper”,
“top”, “up”, “down”, “vertically”, “laterally”, “lower”, “bot-
tom”, and “backside” are used herein to describe relative
orientations between different parts of the structure being
described, and it is to be understood that the overall structure
being described can actually be oriented in any way in three-
dimensional space. The notations N+, N-, N, P++, P+, and P
are only relative, and are to be considered in context, and do
not denote any particular dopant concentration range. A
region denoted generally in the claims to be “P type”, how-
ever, is being indicated to be P type doped, and may be lightly
doped, moderately doped, or heavily doped with P type
dopants. Similarly, a region denoted in the claims to be N type
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is being indicated to be N type doped, and may be lightly
doped, moderately doped, or heavily doped with N type
dopants.

FIG. 2A is a top-down diagram of a square portion of a
trench-type Insulated Gate Field Effect (IGBT) die 50 in
accordance with one novel aspect. The square portion illus-
trated in FIG. 2A is replicated in rows and columns across the
upper face of the trench IGBT die. FIG. 2B is a cross-sec-
tional diagram of the die taken along sectional line A-A' in
FIG. 2A. The plane illustrated in top-down perspective in
FIG. 2A is the plane taken along sectional line B-B' at the
upper semiconductor surface in FIG. 2B. FIG. 2C is a cross-
sectional diagram taken along sectional line A-A" in FIG. 2A.

As shown in FIG. 2A, there are octagonal trenches formed
down into the upper semiconductor surface of the die. Each
octagonal trench is 0.8 microns wide and extends a first dis-
tance D1 down from the upper semiconductor surface 51
toward the N- type drift layer 52. These octagonal trenches
are disposed in a matrix of rows and columns. A gate oxide
layer lines the sidewalls of each trench. Reference numeral 53
in FIG. 2A identifies a gate electrode of polysilicon that is
disposed on the gate oxide layer in one such octagonal trench
in the center of FIG. 2A. In FIG. 2B and FIG. 2C, reference
numeral 54 identifies the gate oxide layer, reference numeral
55 identifies the inner sidewall of the trench, reference
numeral 56 identifies the outer sidewall of the trench, and
reference numeral 57 identifies the bottom wall of the trench.

A grid-shaped N+ type emitter region 58 extends across the
upper surface of the die. The grid-shaped N+ type emitter
region 58 has the form of a set of interconnected strips of N+
type semiconductor material as illustrated. As shown in the
cross-sectional diagrams of FIG. 2B and FIG. 2C, N+ type
semiconductor material of the N+ emitter region 58 rings and
surrounds each octagonal trench at the upper semiconductor
surface 51. N+ type semiconductor material of the emitter
region 58 forms a part of the outer sidewall 56 of the trench.

A grid-shaped P type body region also extends across the
upper surface of the die. The grid-shaped P type body region
includes multiple shallower and more lightly doped P type
portions as well as multiple deeper and more heavily doped
P+ type portions. In the top-down diagram of FIG. 2A, refer-
ence numerals 59A, 59B, 59C and 59D identify four of the
shallower and more lightly doped P type portions. Reference
numerals 60A, 60B, 60C and 60D identity four of the deeper
and more heavily doped P+ type portions. As shown in FIG.
2C, the shallower more lightly doped P type portions extend
athird distance D3 downward from the upper semiconductor
surface 51 toward the N- type drift layer 52. As shown in FIG.
2B, the deeper and more heavily doped P+ type portions
extend a second distance D2 downward from the upper semi-
conductor surface 51 toward the N- type drift layer 52. As
seen in the top-down diagram of FIG. 2A, the deeper P+ type
portions are arranged in a two-dimensional matrix of rows
and columns. Adjacent ones of the deeper P+ type regions are
interconnected to each other by a strip-shaped more lightly
doped portion. For example, vertically extending lightly
doped P type region 59A extends between deeper P+ type
portion 60A and deeper P+ type portion 60B. Horizontally
extending lightly doped P type region 59B extends between
deeper P+ type portion 60B and deeper P+ type portion 60C.
Vertically extending lightly doped P type portion 59C extends
between deeper P+ type portion 60C and deeper P+ type
portion 60D. Horizontally extending lightly doped P type
portion 59D extends between deeper P+ type portion 60D and
deeper P+ type portion 60A. These shallower more lightly
doped P type portions and these deeper more heavily doped
P+ type portions together form the overall grid-shaped P body
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region. Accordingly, as indicated in FIG. 2A, FIG. 2B and
FIG. 2C, P type semiconductor material of deeper more
heavily doped P+ type portions forms four portions of the
outer sidewall 56 of the trench shown in the center of F1IG. 2A,
whereas P type semiconductor material of shallower more
lightly doped P type portions forms four other portions of the
outer sidewall 55 of the trench.

The novel trench IGBT die 50 also includes numerous
octagonal-shaped floating P well regions. There is one such
octagonal-shaped floating P well region surrounded by each
of the octagonal trenches. Each of these floating P well
regions includes a central octagonal-shaped shallower float-
ing P type well portion, as well as a peripheral deeper P+ type
portion. For example, the floating P well 61/62 that is sur-
rounded by octagonal trench and gate electrode 53 in the
center of FIG. 2A includes the central shallower floating P
type well portion 61 and the peripheral deeper P+ type portion
62. The shallower portion 61 of the floating P well extends
downward from the upper semiconductor surface 51 the third
distance D3, whereas the deeper portion 62 of the floating P
well extends downward from the upper semiconductor sur-
face 51 the second distance D2. As shown in FIGS. 2B and
2C, the peripheral deeper P+ type portion 62 of the floating P
well forms the entire inner sidewall 55 of the trench. Within
the confines of the octagonal trench, there is no N type semi-
conductor region that extends downward into any of the float-
ing P type well regions from the substantially planar upper
semiconductor surface.

Inatransistor on state, a voltage is placed on the trench gate
electrode 53 that causes a conductive channel to be formed in
the outer sidewall 56 of the trench. This channel extends
vertically between the N+ type emitter region 58 and the N-
typedriftlayer 52 in FIG. 2C. Ifa positive voltage is placed on
the metal collector terminal 64 with respect to the metal
emitter terminal 63, then electrons will flow from the N- type
emitter region 58, down through the conductive channel, and
to the N- drift layer 52. This flow of electrons contributes to
the overall current flow from the metal collector terminal 64
and to the metal emitter terminal 63. Holes are also injected
from the P++ collector layer 65 into the N+ buffer layer 66.
This flow of holes serves to increase the concentration of
holes in the N- drift layer which in turn through conductivity
modulation serves to increase the concentration of electrons
in the N- drift layer. A higher concentration of electrons in the
N- drift layer means that more electron current can flow
through the device. In addition, holes that escape from the N-
drift layer also contribute to the overall current flow between
metal emitter terminal 63 and the metal collector terminal 64.

Unlike the conventional IGBT structure of FIGS. 1A, 1B
and 1C where the P+ type deep sinkers do not extend laterally
out to the outer sidewall of any octagonal trench in any loca-
tion, in the novel IGBT structure of FIG. 2A, FIG. 2B and
FIG. 2C P+ type semiconductor material of four deeper P+
type portions 60A, 60B, 60C and 60D of the P body region do
extend to the outer sidewall 56 of the trench that contains the
gate electrode 53. As shown in the cross-sectional diagram of
FIG. 2B, deeper P+ type portion 60A of the P body region
forms a portion of outer sidewall 56 of the trench. The depth
D2 ofthe deeper P+ type portion 60A is greater than the depth
D1 of the trench, and some P+ type material of the P body
region extends under an outer part of the bottom of the trench
atthe location shown in FIG. 2B. This structural feature exists
at each of the four corners of the octagonal trench where the
trench is bounded by a deeper portion of the P body region.

Unlike the conventional IGBT structure of FIGS. 1A, 1B
and 1C where the floating P well is all of a uniform thickness,
in the novel IGBT structure of FIG. 2A, FIG. 2B and FIG. 2C
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the floating P well 61/62 has an inverted bath tub shape or an
inverted cup shape. The peripheral deeper P+ type portion 62
forms a sort of curtain that extends downward around the
octagonal periphery of the central shallower portion 61. P+
type semiconductor material of the peripheral deeper portion
62 of the floating P well forms the entire inner sidewall 55 of
the trench. As shown in FIG. 2B and FIG. 2C, some P+ type
material of the floating P well extends under an inner part of
the bottom of the trench. As shown in the cross-sectional
diagram of FIG. 2B, even though P+ type material of the P
body region extends under the outer portion of the bottom of
the trench, and even though P+ type material of the floating P
well region extends under the inner portion of the bottom of
the trench, an amount of N- type semiconductor material of
the N- drift layer still forms a part of the bottom wall of the
trench. The amount of N- type semiconductor material sepa-
rates the floating P well from the P body region beneath the
bottom of the trench.

A first problem with the prior art trench IGBT structure is
set forth in FIG. 3. Under high reverse voltages, avalanche
breakdown may occur such as, for example, at locations 67
and 68. If the boundary between the trench oxide 69 and the
N- drift layer 4 has a convex curvature such as shown in FI1G.
3, then holes that are moving upward due to the relative
negative voltage on the metal emitter terminal 5 with respect
to the metal collector terminal 6 may be drawn to and accu-
mulate in a thin region 70 at the point of highest convex
curvature. With enough hole accumulation, the region 70 of
N- drift semiconductor material suffers local inversion. As a
result, there is local collapse of the breakdown voltage.
Rather than avalanche occurring at the same time many places
across the device so as to spread the effects of avalanche
current flow, avalanche becomes extreme at the point where
the breakdown voltage is the lowest. This results in too much
local current, and catastrophic failure of the device. The novel
trench IGBT structure 50 of FIG. 2A, FIG. 2B and FIG. 2C
reduces the severity of this problem by reducing the degree
and amount of convex curvature of the boundary between the
trench oxide and the N- drift layer. FIG. 4 illustrates the
reduced curvature along the sectional line A-A' in FIG. 2A.
The line 71 represents the curvature of the boundary. FIG. §
illustrates the reduced curvature along the sectional line A-A"
in FIG. 2A. The line 72 represents the curvature of the bound-
ary. The curvature of the left-bottom edge of the trench in
FIG. 5 is covered by the P+ region 62 so the amount of convex
oxide-to-drift boundary is reduced as compared to the prior
art trench IGBT structure shown in FIG. 3.

A second problem with the prior art trench IGBT structure
is described in connection with FIG. 6 and FIG. 7. The circuit
of FIG. 6 has no free-wheeling diode. The trench IGBT 50 is
initially off. Its gate-to-emitter voltage V ; is initially zero.
The trench IGBT is then to be turned on starting at time T0.
The gate signal 73 switches from zero volts to a higher volt-
age, such as 15 volts. The gate-to-emitter voltage at the IGBT,
however, may appear as shown in FIG. 7. The voltage V
increases to the point that the IGBT turns on and begins to
conduct substantial current at time T1. This sudden surge of
collector current causes a sudden voltage drop across the load
74. The sudden decrease in the voltage on the collector, how-
ever, is transterred through the parasitic capacitance 75 onto
the gate of the IGBT. The gate voltage is pushed down along
with the collector voltage. This reduction in gate voltage
serves to turn the IGBT off momentarily, which in turns
causes the collector voltage to spike up again. The parasitic
inductances 76 and the parasitic capacitance 75 ring. If con-
ditions are right, the gate voltage V ; may bounce up to a
harmfully high voltage 77. This high voltage 77 causes high

5

10

15

20

25

30

35

40

45

50

55

60

65

8

electric fields in the gate oxide of the IGBT and may damage
the gate oxide. The novel trench IGBT structure 50 of FIG.
2A, FIG. 2B and FIG. 2C reduces the severity of this problem
by reducing the susceptibility of the oxide-to-drift boundary
to damage under such ringing conditions. The susceptibility
of'the boundary to damage is reduced, without increasing gate
oxide thickness and reducing IGBT threshold voltage, by
reducing the degree to which the boundary is convex, and by
reducing the overall amount of oxide-to-drift boundary.

A third problem with the prior art IGBT structure is
described in connection with FI1G. 8, F1G. 9 and FIG. 10. FIG.
8 sets forth an example of a motor drive circuit involving six
ofthe IGBT devices 78-83, six diodes D1-D6, and a motor 84.
The motor 84 has three windings A, B and C. Initially, the
IGBT device 79 may be on and conducting. Current flows
from the center node 85 of motor 84, through winding A, and
along current path 86, through conductive IGBT 79, and to
node 87. The IGBT 79 is then to be turned off starting at time
T0. When the V5 of IGBT 79 drops below its threshold
voltage, the IGBT 79 begins to turn off. Current flowing out of
winding A is, however, substantially constant during this
switching time. The collector current I flowing through
IGBT 79 cannot, therefore, decrease so the voltage on the
nodeV , increases. When the voltage on node V , exceeds the
threshold voltage of diode D1 at around time T3, the diode D1
starts to conduct current. This diode current flows up through
current path 88 and through diode D1, so that the overall
magnitude of current flowing out of winding A remains con-
stant. As the diode current increases, the collector current I~
of IGBT 79 can decrease. The collector current . decreases
to 10% of its maximum amount by time T4. Time T1 is a time
when V; has dropped to 90% of its initial value. The so-
called turn-off delay time t,,,is from time T1 until time T3,
where T3 is the time when the collector current has dropped
to ninety percent of its maximum value. The turn off fall time
t,is from time T3 until time T4, where T4 is the time when the
collector current has dropped to ten percent of its maximum
value. The time between time T1 and time T3 is denoted t*.
Reducing the overall turn off delay time in the circuit of FIG.
8 is desirable because it reduces switching losses.

FIG. 10 is a cross-sectional diagram of the prior art trench
IGBT of FIGS. 1A, 1B and 1C during the time t*. During this
time, the PN junction 89 between the P body region 3A and
the N- drift region 4 is being put under a reverse voltage, so
a first depletion region is being formed on the top side of the
PN junction up into the P type material of the floating P-well
9 and up into the P type material of the P-body region 3A. At
the same time, a second depletion region is being formed
from the JN junction 89 down into the N- drift layer 4. The
majority carriers in the P type material of the floating P-well
9 are holes. Accordingly, for the first depletion region to form
in the floating P-well 9, holes from this region of the floating
P-well 9 must be removed. Because the floating P-well is
floating, these holes must flow under the trench in order to
escape to the relative negative P-body region 3A, so that they
can flow on up to the metal emitter terminal 5. The speed at
which the depletion regions form determines the time t*. The
overall turn off speed of the IGBT is therefore limited by the
amount of time required to remove these holes from the
depletion region forming in the floating P-well. The long
paths the holes must take from the floating P-well 9, under the
trench, and to the P-body region 3A as illustrated in FIG. 10
serve to slow the turn off of the IGBT. As illustrated in FIG.
11, the novel trench IGBT structure 50 of FIG. 2A, FIG. 2B
and FIG. 2C provides a reduced distance 90 that holes have to
travel from the floating P-well 61/62 to the P-body region
60A. As a result, formation of the depletion region in the
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floating P-well 61/62 occurs faster, the IGBT 50 has a shorter
t* time, and consequently the IGBT 50 has a faster overall
turn off time.

A fourth problem with the prior art IGBT structure is
described in connection with FIG. 12. In the steady on state of
the IGBT, it is desirable to maintain a high concentration of
holes in the N- drift layer 91. Even though the current carry-
ing capacity of the device is due both to electron flow from the
emitter to the N- drift layer, and due to hole flow in the
opposite direction from the P++ collector layer 92 to the N+
buffer layer 93, it is preferable to prevent the escape of holes
from the N- drift layer 91. This may reduce the contribution
to overall current flow due to holes, but it increases the flow of
electrons even more. Holes are injected into the N- drift layer
91 from the P++ collector layer 92 across the entire bottom of
the device. Holes that might be under the floating P-well 94
may escape from the N- drift layer 91 by passing under the
trench and to the P-body layer 95 as illustrated. As illustrated
in FIG. 13, the tub shape of the floating P-well 61/62 of the
novel trench IGBT structure 50 of FIG. 2A, FIG. 2B and FIG.
2C makes it more difficult for holes under the floating P-well
61/62 to escape. As compared to the case of FIG. 12 where the
bottom surface of the floating P-well 94 is planar and where
holes under the floating P-well 94 have a shorter distance to
travel to reach the P-body region 95, holes that are under the
floating P-well 61/62 in the case of the structure of FIG. 13
have a longer path to reach the P-body region 59A. The
peripheral deeper P+ type portion 62 of the floating P-well
acts as a fence or obstruction to help hold the holes in and
under the shallower portion 61 of the floating P-well. The
escape of holes from the N- drift layer 52 is therefore
reduced, and conductivity modulation of the IGBT is
improved.

Although certain specific embodiments are described
above for instructional purposes, the teachings of this patent
document have general applicability and are not limited to the
specific embodiments described above. Although a cell struc-
ture having octagonal trenches is described above, in other
examples tub-shaped floating P-wells can be surrounded by
elongated structures such as octagons that are elongated in
one dimension. The tub-shaped floating P-wells may be
incorporated into a stripe-trench IGBT layout. Although an
example is described above where each floating P-well has
four hole drains to deep P-body regions, in other embodi-
ments each floating P-well has another number of hole drains.
In an elongated cell or stripe layout, a row of deep P-body
regions may be disposed along a strip-shaped shallow P-body
region so that each of the deep P-body regions acts as a hole
drain. Although an example is described above where the
tub-shaped floating P-well has a peripheral deeper P+ type
portion that only forms a curtain at the periphery of a central
shallower P type portion of the floating P-well, in other
examples the deeper P+ type portion of the floating P-well
may also divide up the tub into multiple smaller tubs. One or
more strips of the deeper P+ type portion of the floating
P-well may, for example, extend across a non-peripheral part
of the tub so as to split the tub into two parts. Accordingly,
various modifications, adaptations, and combinations of vari-
ous features of the described embodiments can be practiced
without departing from the scope of the invention as set forth
in the claims.

What is claimed is:

1. A trench Insulated Gate Bipolar Transistor (IGBT) die
structure comprising:

a P type collector layer;

an N- type drift layer disposed over the P type collector

layer;
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a trench that extends a first distance toward the N- type
drift layer from a substantially planar upper semicon-
ductor surface, wherein the trench has an inner sidewall
and an outer sidewall and a bottom wall, and wherein the
N- type drift layer forms at least a portion of the bottom
wall;

a P type body region that has a plurality of deeper portions
and a plurality of shallower portions, wherein each
deeper portion extends a second distance into the N—
type drift layer from the substantially planar upper semi-
conductor surface, wherein each deeper portion forms a
part of the outer sidewall of the trench, wherein each
shallower portion extends a third distance into the N-
type drift layer from the substantially planar upper semi-
conductor surface, wherein each shallower portion
forms a part of the outer sidewall of the trench, wherein
the second distance is greater than the third distance, and
wherein the second distance is greater than the first
distance;

an N+ type emitter region, wherein the N+ type emitter
region extends into the P type body region from the
substantially planar upper semiconductor surface,
wherein the N+ type emitter region rings the trench and
forms a part of the outer sidewall of the trench;

a floating P type well region that extends into the N- type
drift layer from the substantially planar upper semicon-
ductor surface, wherein the floating P type well region
has a peripheral deeper portion that extends the second
distance from the substantially planar upper semicon-
ductor surface toward the N- type drift layer, wherein
the floating P type well region has a central shallower
portion that extends the third distance from the substan-
tially planar upper semiconductor surface toward the N—
type drift layer, wherein the peripheral deeper portion of
the floating P type well region rings the central shallower
portion of the floating P type well region and extends
along the inner sidewall of the trench;

a gate insulating film covering a surface of the trench;

atrench gate electrode disposed on the gate insulating film;

a first metal terminal that is coupled to the P type body
region;

a second metal terminal that is coupled to the trench gate
electrode; and

a third metal terminal that is coupled to the P type collector
layer.

2. The trench IGBT die structure of claim 1, wherein the
floating P type well region is octagonal, and wherein the
trench rings the floating P type well region.

3. The trench IGBT die structure of claim 2, wherein the P
type body region rings the trench.

4. The trench IGBT die structure of claim 1, wherein there
is no electrical contact between the floating P type well region
and the first metal terminal, wherein there is no electrical
contact between the floating P type well region and the second
metal terminal, and wherein there is no electrical contact
between the floating P type well region and the third metal
terminal.

5. The trench IGBT die structure of claim 1, wherein a first
deeper portion of the P type body region forms a first part of
the outer sidewall of the trench, wherein a first shallower
portion of the P type body region forms a second part of the
outer sidewall of the trench, wherein a second deeper portion
of the P type body region forms a third part of the outer
sidewall of the trench, wherein a second shallower portion of
the P type body region forms a fourth part of the outer side-
wall of the trench, wherein a third deeper portion of the P type
body region forms a fifth part of the outer sidewall of the
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trench, wherein a third shallower portion of the P type body
region forms a sixth part of the outer sidewall of the trench,
wherein a fourth deeper portion of the P type body region
forms a seventh part of the outer sidewall of the trench,
wherein a fourth shallower portion of the P type body region
forms an eighth part of the outer sidewall of the trench.

6. The trench IGBT die structure of claim 1, further com-
prising:

an N+ type buffer layer that is disposed between the P type
collector layer and the N- drift layer.

7. The trench IGBT die structure of claim 1, wherein the
trench has a width, and wherein a distance between a deeper
portion of the P type body region and the peripheral deeper
portion of the floating P type well region is smaller than the
width of the trench.

8. The trench IGBT die structure of claim 1, wherein a
portion of the floating P type well region extends under a
portion of the bottom wall of the trench.

9. The trench IGBT die structure of claim 1, wherein a
portion of each deeper portion of the P type body region
extends under a portion of the bottom wall of the trench.

10. The trench IGBT die structure of claim 1, wherein there
is no N type semiconductor region that extends into the float-
ing P type well region from the substantially planar upper
semiconductor surface.

11. The trench IGBT die structure of claim 1, wherein a
bottom of the central shallower portion of the floating P type
well region forms a substantially planar octagonal PN junc-
tion with the N- type drift layer.

12. A trench Insulated Gate Bipolar Transistor IGBT) die
comprising:

a P type collector layer;

an N- type drift layer;

a trench that extends a first distance toward the N- type
drift layer from an upper semiconductor surface of the
die;

a gate insulating film covering a surface of the trench;

atrench gate electrode disposed on the gate insulating film;

a P type body region that extends from the upper semicon-
ductor surface into the N- type drift layer, wherein a
portion of the P type body region extends under a first
portion of the trench;

an N+ type emitter region that extends from the upper
semiconductor surface into the P type body region;

a floating P type well region that extends into the N- type
drift layer from the upper semiconductor, wherein the
floating P type well region has a peripheral deeper por-
tion that extends a second distance from the upper semi-
conductor surface toward the N- type drift layer,
wherein the second distance is greater than the first
distance, wherein the floating P type well region also has
a central shallower portion that extends a distance
smaller than the second distance from the upper semi-
conductor surface toward the N- type drift layer,
wherein the peripheral deeper portion of the floating P
type well region rings the central shallower portion of
the floating P type well region and extends along a
sidewall of the trench, wherein a portion of the floating
P type well region extends under a second portion of the
trench;

a first metal terminal that is coupled to the P type body
region;

a second metal terminal that is coupled to the trench gate
electrode; and
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a third metal terminal that is coupled to the P type collector

layer.

13. The trench IGBT die of claim 12, wherein a bottom of
the central shallower portion ofthe floating P type well region
forms a substantially planar octagonal PN junction with the
N- type drift layer.

14. The trench IGBT die of claim 12, wherein an N+ type
buffer layer is disposed between the P type collector layer and
the N- type drift layer.

15. The trench IGBT die of claim 12, wherein there are
multiple separate P+ type portions of the P type body region
each of which extends under a separate outer portion of the
bottom of the trench.

16. The trench IGBT die of claim 12, wherein the P type
body region includes P+ type portions and P type portions,
wherein P+ type semiconductor material of the P+ type por-
tions of the P type body region forms some parts of an outer
sidewall of the trench, and wherein P type semiconductor
material of the P type portions of the P type body region forms
other parts of the outer sidewall of the trench.

17. A trench Insulated Gate Bipolar Transistor (IGBT) die
comprising:

a collector layer;

a drift layer;

a trench that extends down into the die from an upper

semiconductor surface of the die;

a gate insulating film covering a surface of the trench;

atrench gate electrode disposed on the gate insulating film;

a P type body region that extends from the upper semicon-

ductor surface into the drift layer, wherein first parts of
an outer sidewall of the trench are semiconductor mate-
rial of the P type body region;

an emitter region that extends from the upper semiconduc-

tor surface into the P type body region, wherein a second
part of the outer sidewall of the trench is semiconductor
material of the emitter region;

a first metal terminal that is coupled to the P type body

region;

a second metal terminal that is coupled to the trench gate

electrode;

a third metal terminal that is coupled to the collector layer;

and

means for retaining holes in a steady on state of the IGBT

and for draining holes to the P type body region during a
turn off of the IGBT, wherein the means comprises a
central shallower portion and a peripheral deeper por-
tion, wherein the means is not electrically connected to
any one of the first, second and third metal terminals,
wherein the central shallower portion of the means is a
region of P type semiconductor material, and wherein
the peripheral deeper portion of the means is a region of
P+ type semiconductor material, and wherein no N type
semiconductor material extends into the means from the
upper semiconductor surface.

18. The trench IGBT die of claim 17, wherein a portion of
the means for retaining and draining holes extends under a
portion of a bottom wall of the trench.

19. The trench IGBT die of claim 17, wherein the P type
body region comprises a plurality of shallower portions and a
means for receiving draining holes, wherein the means for
receiving draining holes of the P type body region during the
turn off of the IGBT receives holes that are draining from the
means for retaining and draining holes.
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